ABSTRACT. Laboratory tests revealed that palletized fiberboard boxes of Bartlett pears are most susceptible to bruising damage at vibrational frequencies below 40 Hz (cycles/s), which are common in refrigerated highway trailers. Damage studies indicate that of the four frequency regions observed in-transit (3,5 Hz, 9 Hz, 18,5 Hz, and 25 Hz), Bartlett pears are most severely damaged at 3,5 Hz and 18,5 Hz. Laboratory studies also show that fiberboard boxes of pears amplify vibration at frequencies below 40 Hz such that, for some frequencies, the lid of the top box in a pallet is accelerated three to four times more than the level input to the bottom box. Keywords. Vibration, Pears, Injury, Transportation, 
F
resh produce is often damaged when transported in highway trailers and the problem is particularly acute for California produce because several of the major U.S. domestic markets (e.g., Chicago or New York) are 3000 km or more from the areas of production. In a study of produce losses, Pierson et al. (1982) estimated that the losses during transport for the U.S. fresh fruit and vegetable industry in 1977 were between $268 million and $380 million (1977 dollars). Ceponis and Butterfield (1974) estimated that mechanical injury due to transportation caused a 4% loss in pears at the retail level.
Bartlett pears, because of their fragile nature, can be damaged when excessively vibrated in-transit. In many cases, the physical damage will lead to attacks by microorganisms and physiological changes which may increase the deterioration of these products. Sommer (1957) found that surface discoloration was caused by vibration in-transit and, although the internal flesh of the fruit was not affected, the surface damage seriously affected marketability. Vibration often causes the fruit to rotate, forming a discolored region or dark band around the fruit called "roller bruising". In addition, Sommer found that vibration-damaged fruit loses moisture more rapidly than undamaged fruit, further reducing its quality. O'Brien et al. (1963) found that the extent of bruising in fruit intransit depended upon the frequency, amplitude, and duration of applied vibration as well as the initial condition of the fruit. Garrett et al., 1976) found that in simulated transit tests (using sinusoidal vibration) acceleration levels were positively correlated with position in a column stack of containers, and that amplification within the column was as high as 6.7 at resonance. Sommer (1957) studied the vibration damage in tightly and loosely packaged Bartlett pears with and without pads. He subjected pears packed in full telescope fiberboard boxes to sinusoidal vibration of 1 g (in both the horizontal and vertical directions) at a frequency of 8.5 Hz for 1.5 h. Fruit from each packaging treatment were then evaluated on a 0 to 5 scale with 0 representing no surface discoloration and 5 being severely discolored. The fruit for this study was sorted prior to testing so that only nonbruised fruit was tested (Mitchell, 1991). Sommer found that fruit which was packed tightly with a pad between the fruit and the carton top had very little discoloration (average score « 0.33), fruit which was tightly packed and without a top pad was slightly damaged (average score -1.51), and fruit which was not tightly packed and without a top pad was severely damaged (average score = 4.24). He also found that placing pads under the fruit (in the bottom of the container) did not reduce vibration injury. 
O'Brien et al. (1963) observed that in-transit vibration damage most frequently occurs in the top layers of fruit in

RESULTS AND DISCUSSION
VIBRATION SWEEP TESTS
The vibration transmissibility of a pallet of Bartlett pears to vertical vibration is shown in figure 3. This figure shows at which frequencies the pears in the top boxes of a pallet load vibrate at higher acceleration levels than the vibration table (transmissibilities greater than one) and at which frequencies the top boxes vibrate at lower levels than the vibration table (transmissibilities less than one). The two curves on this plot show the envelope (or minimum and maximum levels) observed during the test. The large envelope at frequencies between 2 Hz and 5 Hz make interpretation of the results in this region difficult and indicate a need for further study. This figure is typical of the four replicated tests conducted. The data show that palletized pears amplify vibration from the bottom box to the top box at frequencies between 2 and 40 Hz and attenuate vibration at frequencies between 40 and 100 Hz. Whenever the transmissibility reached a level greater than or equal to 4, the top boxes of the pallet were subjected to accelerations greater than or equal to 1 g and broke free from the boxes below, becoming air borne at certain For the boxes in this study, which weighed approximately 0.9 kg (2 lb), the total weight should be about 17.7 kg (38.9 lb). As indicated in table 1, the boxes in this study were slightly underfilled. In order to reduce vibration damage by using tight-fill packaging the fruit must be inmiobilized; when the boxes are underfilled or if they are constructed such that the flaps do not meet, then a tight-fill will not be achieved. This problem is exacerbated by the fact that many packing lines cannot tolerate overfilled boxes without equipment failure and so there is a tendency toward underfilling. Further when the boxes are improperly constructed there is a tendency to construct boxes that are larger rather than smaller which also leads to a failure in achieving a tight-fill. Several boxes were observed that were incorrectly assembled, with gaps between the flaps as large as 1.3 cm (0.5 in.). Table 2 shows results from the first ASTM specific frequency test addressing the basic question of which frequencies of vibration are most damaging to Bartlett pears. All treatments in the first test were at a peak acceleration of 1 g. An analysis of variance was conducted for bruise score using a model that included the vibration treatment, the fill weight of the box, the size of the fruit in the box, and the interactions between these three. When the vibration treatment, the box fill weight and their interaction were included in the model, the addition of fruit size was not significant (©c « 0.05) based on the Type II sum of squares analysis of variance procedure (SAS, 1992). Because the relationship between fruit size and vibration bruising was not significant, the effect of fruit size was ignored in all other analyses. The analysis of variance indicated that vibration treatment, fill weight, and their interaction were all significant («= « 0.05). The data in table 2 show that Bartlett pears are most susceptible to vibration bruising at 3.5 and 18.5 Hz. However, at an acceleration of 1 g all vibration treatments were significantly («= -0.05) more damaging than the control.
In the second laboratory test the acceleration levels were adjusted to be proportional to that observed by the top box in the cross-country study, figure 2. The data in table 3 show that the 9 Hz and 25 Hz treatments were not significantly different from the control, but that the 3.5 Hz and 18.5 Hz treatments resulted in significantly more damage.
In both tests, vibration at frequencies of 3.5 Hz or 18.5 Hz was significantly more damaging to Bartlett pears than vibration at 9 Hz or 25 Hz. Reducing the acceleration at 9 Hz from 1 g to 0.67 g or from 1 g to 0.5 g at 25 Hz resulted in considerably less damage. However, pears will be damaged when vibrated at 18.5 Hz even though the acceleration is below 1 g. The damage to Bartlett pears at 3.5 Hz is of significant concern since it is difficult to attenuate low frequency vibration.
It is interesting to compare the results of this study with results published by Sommer (1957). The 9 Hz vibration treatment previously described is similar to Sommer's 8.5 Hz vibration treatment. As shown in table 2, 
CONCLUSION
Laboratory studies indicate that vertical vibration amplification can occur in a pallet of Bartlett pears between the frequencies of 2 and 40 Hz. For example, when the floor of the pallet was vibrating at an acceleration of 0.25 g, the top boxes of the pallet were subjected to accelerations greater than 1 g and broke free from the boxes below, becoming air borne at certain frequencies below 40 Hz. This is consistent with the observations made by Hinsch et al. (1992) in cross-country transit studies, that Bartlett pears vibrate at four frequency regions while intransit (3.5 Hz, 9 Hz, 18.5 Hz, and 25 Hz). Vibration damage studies show that of these four frequency regions, pears are more severely damaged at 3.5 Hz and 18.5 Hz than at 9 Hz and 25 Hz. In summary, pallet loads of Bartlett pears are most susceptible to vibration damage at frequencies below 40 Hz, which are common vibration frequencies in refrigerated highway trailers.
Future work should concentrate on methods of reducing the amount of vibration reaching the bottom boxes, particularly at frequencies of 3.5 Hz and 18.5 Hz, and evaluating methods of packaging which will reduce bruising damage at these critical frequencies.
